We report new radial velocity observations of V779 Cen, the optical companion to the X-ray pulsar Cen X-3. Two sets of results at two epochs yield very different radial velocity amplitudes. We demonstrate there are problems with the first set, not least that they are incompatible with the observed duration of the X-ray eclipse for all inclination angles. The anomalously high radial velocities are probably a result of changes in the outflow behaviour of the companion star. Although there is no reason to doubt the results from the second epoch when viewed in isolation, given the anomalous radial velocities of the first epoch, they must be treated with caution. Using these data, the semi-amplitude of the resulting radial velocity curve is found to be 24:4^4:1kms 21 . Given the accurately measured semiamplitude of the orbit of the pulsar, 414:3^0:9kms 21 , the mass ratio of the system is 0:059^0:010. The inclination of the system is found to be 708 : 2^28 : 7, assuming that the optical component fills its Roche lobe, and that the system is in synchronous rotation. Hence the mass of the neutron star is 1:21^0:21 M ( , and the mass of the optical companion is 20:5^0:7M ( . This is a smaller uncertainty than previously reported values, and is consistent with the canonical neutron star mass of 1.4 M ( . In addition, we use our spectra to determine the spectral class of V779 Cen to be O6-7II-III.
INTRODUCTION
Centaurus X-3 was discovered by a rocket-based detector (Chodil et al. 1967) , and later satellite observations revealed its binary and pulsar nature (Giacconi et al. 1971; Schreier et al. 1972 ). An optical companion was subsequently found by Krzeminski (1974) . The system consists of the star V779 Cen, an O-type supergiant, in a 2.09-d circular orbit with an accreting neutron star companion, the pulse period of which is 4.84 s. The luminosity of the X-ray source (<5:0 Â 10 37 erg s 21 suggests that the predominant mode of accretion is via a disc, fed by incipient Roche-lobe overflow, although a strong stellar wind does emanate from the supergiant (Nagase et al. 1992; van Paradijs 1998) .
Binary systems containing a pulsating neutron star are very important astrophysically as they can offer a direct measurement of the neutron star mass. The mass ratio of the system, q, is simply given by the ratio of the radial velocity semi-amplitudes for each component,
where M x is the neutron star mass, M o is the mass of the optical component, K o is the semi-amplitude of the radial velocity of the optical component, and K x is the semi-amplitude of the radial velocity of the neutron star. In addition, for a circular orbit, it can be shown that, where i is the inclination of the orbital plane to the line of sight, and P is the period of the orbit. We therefore have a means of calculating the mass of the neutron star if the orbits of the two components and the inclination of the system are known. Such a combination is possible in an eclipsing X-ray binary system, in which the neutron star is a pulsar. X-ray pulse timing delays around the neutron star orbit yield the value of K x , and conventional radial velocity measurements from optical spectra yield K o . A value for i can be obtained from the following approximations:
cos u e ; 4 R L a < A B log q C log 2 q; 5
where R L is the radius of the Roche lobe of the optical companion, b is the ratio of the radius of the optical companion to R L , a is the separation of the centres of masses of the two components, and u e is the eclipse half-angle. A, B, and C have been determined by Rappaport & Joss (1983) to be A < 0:398 2 0:026V 2 0:004V 3 ; 6 B < 20:264 0:052V 2 2 0:015V 3 ; 7 C < 20:023 2 0:005V 2 ; 8
where V is the ratio of the rotational frequency of the optical component to the orbital period. In the case of Cen X-3, K x has been measured as 414:10 :9kms 21 by X-ray pulse-timing observations (Nagase et al. 1992) , and u e has been determined to be 328 : 9^08 : 5 by Clark, Minato & Mi (1988) , who made a detailed model of the atmosphere of the optical component in order to accurately determine the point at which the X-ray source entered eclipse. As the neutron star is accreting material by Roche-lobe overflow, the optical component must be filling its Roche lobe, so b < 1. We also argue that tidal dissipation will have forced the system into approximately synchronous rotation, so V < 1 (Rappaport & Joss 1983 , and references therein).
However, substantial uncertainties exist in values for K o . The semi-amplitude of the optical radial-velocity curve has previously been quoted as 24^5kms
21 (Hutchings et al. 1979 ) and 263 kms 21 (Aslanov & Cherepashchuk 1982) . Values for the neutron star mass determined from these parameters have been quoted as 1:0^0:3M ( (Hutchings et al. 1979 ) and 1:23^0:60 M ( (Clark et al. 1988) . It is hoped that new observations with modern CCD detectors and improved analysis techniques can reduce these uncertainties.
OBSERVATIONS
Thirty spectra of Cen X-3 were obtained during 1990 March 4±10 by S. A. Bell and APR using the Anglo-Australian Telescope. The instrumental setup consisted of the RGO Spectrograph in combination with the 25-cm camera, the 1200B grating, and the GEC CCD detector (Tinney 1996) . The wavelength range chosen was 4300± 4700 A Ê , and the dispersion was 0.7 A Ê pixel
21
. Another 10 spectra were obtained on 1994 February 26 by PR, APR and I. D. Jupp with the same instrument and camera, but using the 1200V grating and the TEK CCD detector. The wavelength range in this case was 4150±4770 A Ê , while the dispersion was 0.62 A Ê pixel
. The exposure times for both sets of observations were 1800 s. A further 11 spectra were obtained on 1997 May 12± 13 by TDCA and MDS, using the same instrument, camera, grating and detector as the 1994 observations. The wavelength range was 4150±4900 A Ê , with a dispersion of 0.75 A Ê pixel 21 . The exposure times for these observations were 900 s.
3A N A L Y S I S
The three data sets were reduced consistently using the Starlink figaro software package (Shortridge & Meyerdierks 1996) . The reduction process consisted of subtracting a mean bias frame from each flat, arc and object frame, dividing each object frame by a normalized mean flat frame, wavelength calibrating the object frames by identifying features on the arc frames, then re-binning the extracted object spectra into a linear wavelength range. Each of the three data sets was treated identically. Spectra of Cen X-3 from the various observations are shown in Fig. 1 .
Phases were assigned to the object spectra according to the quadratic ephemeris of Nagase et al. (1992) , determined from X-ray measurements:
T N 244 0958:85 2:087 138 45N 2 1:036 264 2 Â 10 28 N 2 : 9
Three radial velocity standard stars were observed in both 1990 and 1994, but unfortunately no radial velocity standards were observed in 1997. The 1990 and 1994 radial velocity standards yield a mean (observed±catalogue) velocity of 2:0^6:0kms 21 , demonstrating that the velocities are on the IAU standard system. If there is no systematic change in the radial velocity of Cen X-3 between 1990 and 1994, we can therefore combine these two data sets to produce a single radial velocity curve. Note, however, that since the spectra obtained in 1990 and 1994 do not overlap in phase coverage, we cannot be certain that no systematic change in velocity occurred, and so the radial velocity amplitude obtained from these data must be suspect. Furthermore, as there were no radial velocity standards observed on the 1997 run, only relative radial velocity values could be obtained for these spectra, and so they could not be combined with the 1990/1994 data, despite overlapping in phase with them. However, we can still use the 1997 data on their own to determine the semi-amplitude of the radial velocity, as the spectra obtained during this run spanned both quadrature phases of the system, during a single binary orbit.
The radial velocity values were calculated as follows, using the cross-correlation facilities in iraf (Barnes 1993) . First, a mean spectrum was created for the combined 1990/1994 data set by averaging all the spectra taken during these two runs; another mean spectrum was created for the 1997 data set by averaging all the spectra during that run. Then, for each individual spectrum, a region 10 A Ê wide, centred on the spectral line to be examined, was cross-correlated against the corresponding region of the appropriate mean spectrum, to obtain the radial velocity values relative to the respective mean spectrum. A barycentric correction was applied automatically by the iraf software.
The main advantage of this technique is that no radial velocity standard star was required, allowing the 1997 data set to be analysed in an identical manner to the combined 1990/1994 data set. Also, any systematic errors arising from spectral type mismatches between the observed star and the radial velocity standard are eliminated. Note, however, that van Kerkwijk (1993) states that cross-correlating a number of spectra against their average, as we have done, produces a small peak in the cross-correlation function at zero velocity, so causing a slight systematic error towards zero velocity.
Although it may seem odd to perform a pattern-matching operation such as cross-correlation on a single spectral feature, we were very concerned to minimize the effects of emission-line contamination from the strong stellar wind of the supergiant. By cross-correlating over single lines, we hoped to isolate the effects of any contaminated features.
All the cross-correlation results are contained in Appendix 1.
The 1990/1994 data
In order to investigate the significance of emission-line contamination and X-ray heating effects, separate radial velocity curves were obtained for the Hg,Hei (4471 A Ê ), and He ii (4542 A Ê ) lines. The resulting sets of velocities were then fitted with a circular orbit solution. The period and phase zero were fixed at the values given by Nagase et al. (1992) , whilst K o and a bias velocity were allowed as free parameters. This bias velocity, distinct from the systemic velocity, is simply the difference between the velocity of the mean spectrum and the velocity at phases 0.0 and 0.5 of the fit. Having found the best-fitting solution, the errors on the individual data points were rescaled (i.e. made larger) so as to give a reduced x 2 of ,1 for each radial velocity curve; no points were rejected during the fits. In order to determine the uncertainty in the fitted parameters, a Monte Carlo analysis was carried out. This involved randomly assigning each radial velocity point to a position somewhere along its (rescaled) error bar, and then re-fitting the orbit solution to this randomized set of data. This procedure was repeated one thousand times for each curve. The uncertainty in each parameter was then taken to be the difference between the best-fitting value and the extreme (upper and lower) values which resulted from the Monte Carlo process. The radial velocity curves are shown in Fig. 2 , with the best fits represented by the sinusoidal curve in each case.
The 1997 data
As before, separate radial velocity curves were obtained for the velocities were fitted with a circular orbit solution with K o and a bias velocity as free parameters, and as above both the period and phase zero were fixed at the values given by Nagase et al. (1992) . Rescaling the error bars to give a reduced x 2 of ,1 for each radial velocity curve, and a subsequent Monte Carlo analysis, were carried out in exactly the same manner as with the earlier data set. The radial velocity curves for the 1997 data are shown in Fig. 3 with the best fits represented by the curves as before.
A further radial velocity curve was obtained for the He ii (4686 A Ê ) emission line, following a similar analysis procedure, except that phase zero was allowed as a third free parameter. The large radial velocity semi-amplitude indicated that this line did not originate from the optical companion, and so no assumptions could be made about its phasing. The data and fitted curve are shown in Fig. 4 .
RESULTS

Spectral classification
The spectral class of the optical component of Cen X-3 was determined to be O6-7II-III by comparison with the digital atlas of Walborn & Fitzpatrick (1990) . In particular this is indicated by the relative strengths of the He i (4471 A Ê ) and He ii (4542 A Ê ) lines. The relative strength of the Bowen blend (around 4640 A Ê ) at first led us to believe that the luminosity class might be Ia. However, a radial velocity curve for this emission feature was constructed following an analysis procedure identical to that used for the He ii (4686 A Ê ) emission line, and it was found that the Bowen blend has a semi-amplitude of 40^13 km s 21 , with a phasing that leads that of the measured absorption features by 0:21^0:01 (see Fig. 5 ). Both the relatively large radial velocity semi-amplitude and the phasing indicate that the Bowen blend emission does not originate from the optical companion, and so must be disregarded when making a spectral class determination.
The spectral classification obtained agrees with the accepted q 1999 RAS, MNRAS 307, 357±364 value of O6.5II-III (see, for example, van Paradijs (1995)). Hutchings et al. (1979) claim the spectral class may vary with phase, but our observations do not support this.
The 1990/1994 radial velocity data
For each radial velocity curve, K o was obtained as outlined earlier, then q was determined from equation (1), and i was calculated from equations (4) and (5). M o and M x could then be obtained from equations (2) and (3). The results are shown in Table 1 . For the H g results, i is undefined, as the right-hand side of equation (4) is slightly greater than unity (,1:01 although for the He i and He ii lines, the lower limits to i are below 908. Because of this, the mass values were calculated assuming i 908. Note that an undefined value for i corresponds to a situation where the system cannot produce eclipses of the observed length at any inclination angle.
The 1997 radial velocity data
For each radial velocity curve, K o was obtained as outlined earlier and q, i, M o , and M x were determined using equations (1) to (5).
The results are shown in Table 2 . The He ii (4686 A Ê ) curve (Fig. 4) has a semi-amplitude of 296 19 214 km s 21 , and its phasing leads the measured absorption features by 0:44^0:03. The phasing and relatively large radial velocity variations indicate that the origin of this line is associated with the motion of the neutron star. The offset is possibily a result of the biasing influence of the bright spot where the accretion stream and accretion disc collide. This feature was also noted by Mouchet, Ilovaisky & Chevalier (1980) , who measured a semiamplitude of ,400 km s 21 .
DISCUSSION
The two sets of results are clearly incompatible with the assumptions made about the system; it seems that either the data or our assumptions must be flawed. As all the observations were made using the same telescope and all the data were reduced and analysed in an identical fashion, we rule out these as possible sources of error. There are several possible sources of error when making radial velocity measurements of X-ray binaries, namely X-ray heating of the optical component by the compact component, contamination of the optical absorption spectrum by emission lines, tidal distortion of the optical component, the possibility of the system being in orbit around a third object, and stellar wind variations. We discuss each of these in turn. X-ray heating is an effect that is much more significant in systems in which the optical component is of relatively low mass and surface temperature, rather than a ,20 M ( O-type supergiant as in Cen X-3. Both Hutchings (1979) and Aslanov & Cherepashchuk (1982) claim there is evidence of X-ray heating in their spectra. The lack of spectral variation with phase in our data is inconclusive, as no spectral difference would be expected between the two phase-regions in the 1990 or 1997 data sets if the optical companion was being heated symmetrically. The lack of spectral variation with epoch is also inconclusive because of the problem of stellar wind variation (see below).
The distortions arising from the non-sphericity of the optical companion were estimated by interpolating between model light curves calculated by Wilson & Sofia (1976) . The resulting distortions were small, ,5kms 21 , and acted to lower the measured radial velocity semi-amplitude.
The extent of the effect of emission line contamination was gauged during the analysis of the data by cross-correlating over a number of different lines. However, since the difference between the 1990/1994 data set and the 1997 data set is much greater than the variation between the individual lines, there is no evidence that emission line contamination is the cause of the discrepancy between the two.
It is possible that a binary system may itself be orbiting a third object. Although this situation is relatively common for binary systems in general, no X-ray binary has ever been observed to be orbiting a third object. A probable reason for this is that the supernova explosion that formed the compact object would provide enough kinetic energy for the binary to overcome the gravitational potential energy of any third object.
If Cen X-3 were to prove the exception to the above, then a third object would again cause a systematic error in the optical radial velocity curve, as the systemic velocity would be variable. In the case of Cen X-3, a third object would cause both the pulseperiod history and the orbital-period history of the system to vary q 1999 RAS, MNRAS 307, 357±364 sinusoidally with a relatively long period. Both the pulse period and the orbital period of Cen X-3 have been monitored over the past 20 years using X-ray observations, and indeed there is an apparent sinusoidal modulation of the pulse period, with roughly a nine-year cycle (Tsunemi, Kitamoto & Takamura 1996) . Although this modulation is reminiscent of an orbit around a third body, Tsunemi et al. (1996) discount this as there is no corresponding orbital-period modulation (Tsunemi 1989) . So the possibility of a third object at a distance close enough to cause a non-negligible systematic error can be ruled out.
The stellar wind of O-type supergiants such as found in Cen X-3 is highly variable both in density and structure. Any change in this outflow can change the apparent`rest' wavelength of a spectral line, causing a systematic error when spectra are collected over a period of time of the same order as the wind variation. This effect is unlikely to affect the 1997 data set, but is a serious problem for the 1990/1994 data set, where the spectra have been collected over a period of four years. The very poor phase coverage of the 1994 data, and the fact that it does not overlap in phase at any point with the 1990 data set, means that it is impossible to determine if a change in the apparent systemic velocity has occurred. We believe this is the likely cause of the discrepant radial velocities observed in the 1990/1994 observations. The wind variation effect is clearly much less of a problem for the 1997 data set, as all the spectra were obtained on two consecutive nights, during a single binary orbit. (The implicit assumption here is that the time-scale of the wind variation is much greater than a single orbit.)
To investigate possible wind variations between the 1990/1994 and 1997 data sets, equivalent width measurements were made for the only phase region covered by both, at around phase 0.25. The equivalent width was measured using the iraf software for each absorption line used to construct the radial velocity curves in Figs 2 and 3. The uncertainties are estimates based on the difficulty of determining the continum level, and the resulting graphs are shown in Figs 6 and 7. Although there seems to be some evidence for variation in equivalent width with phase, the variation between the two data sets is smaller than the variation within either data set. The equivalent widths of the lines used in the radial velocity analysis do not seem to have varied systematically between 1994 and 1997, suggesting that the stellar wind has affected each of them in a similar manner. However, the above analysis cannot be extended to the 1990 data, and so stellar wind variation remains a possible explanation of the apparent radial velocity variation.
The 1997 data set is also superior to the 1990/1994 data set in that it samples both radial velocity maximum and minimum, the two regions which together best constrain the radial velocity curve. Finally, another problem with the 1990/1994 results is that they suggest that the system is unable to produce eclipses of the observed duration. Therefore the 1990/1994 results are disregarded in favour of the 1997 data.
To arrive at a final result, a mean value for K o was calculated for the three radial velocity curves obtained in 1997. We therefore take the radial velocity semi-amplitude of the optical component of Cen X-3 to be 24:4^4:1kms
21 . This results in a mass ratio, q, q 1999 RAS, MNRAS 307, 357±364 of 0:059^0:010, from equation (1). Using this value for q, and a value of 328 : 9^08 : 5 for u e (Clark et al. (1988) ), a value of 708 : 2^28 : 7, is obtained for the inclination of the system, i, from equations (4) and (5). Thus from equation (2), we obtain a value of 20:5^0:7M ( for M o , the mass of the optical companion, and from equation (3), we obtain a value of 1:21^0:21 M ( for M x , the mass of the neutron star. This value is consistent with the value of M x 1:23^0:60 M ( of Clark et al. (1988) , but has a smaller uncertainty.
From the 1997 data alone there is no evidence to suggest that the mass of the neutron star in Cen X-3 is anything other than the canonical value of 1.4 M ( . However, since the 1990/1994 data show that Cen X-3 can undergo periods when the measured radial velocity is clearly anomalous and does not represent the orbital motion of the companion star, there must remain a concern about the validity of any mass determination carried out using this method on this particular object, and indeed on high-mass X-ray binaries in general. The best that can be done is to acquire data over a single complete orbit (as we have done here in 1997) and, since the velocity excursions tend to increase the measured radial velocity, to believe the data that yield the lowest radial velocity amplitude. In the light of this, mass values determined using this technique may only represent upper limits to the true mass.
q 1999 RAS, MNRAS 307, 357±364 APPENDIX: CROSS-CORRELATION RESULTS FOR ALL DATA SETS Table A1 . Cross-correlation results for all data sets. Uncertainties quoted are the raw uncertainties returned from the crosscorrelation, and have not been rescaled to force the reduced x 2 of the fit to unity. This paper has been typeset from a T E X/L A T E X file prepared by the author.
q 1999 RAS, MNRAS 307, 357±364 
